Previous methods on control structure selections in distillation columns are mainly concerned with processes operability such as control loop interactions, robustness to model uncertainty, and disturbance sensitivity. Few studies have been reported concerning the energy efficiency of various distillation column control structures. This paper details the choice of an energy efficient control configuration by incorporating thermodynamics second law in the selection criteria. In addition to using relative gain array for assessing control loop interactions, relative exergy array is used in assessing the energy efficiency of various control structures. The preferred control structure should have both good operability and good energy efficiency as distillation columns are the major energy consumer in the chemical industry. Detailed analysis of the performance of the control structures in the dynamic mode is presented. The proposed method is demonstrated on two binary distillation columns: methanol-water separation and benzene-toluene separation. Dynamic simulation results indicate that the proposed distillation control structure selection method is effective.
Introduction
Distillation process is the most widely used separation process in chemical and petrochemical industries. Distillation accounts for about 95% for liquid separation and consumes 25-40% of the energy usage in the chemical and petrochemical industries and about 3% of the world energy usage [1, 2] . The quest for energy efficiency of chemical processes is still on because of the environmental, ecological and economic implications of energy usage. Distillation process is one of the prime targets in this quest because a little increase in the efficiency of a distillation column translates to a large reduction in its operation cost. For instance, it has been observed that a 10% energy saving in distillation column is equivalent to about 100,000 barrels of petroleum per day [3, 4] .
There have been several studies aimed at improving the energy efficiency of distillation processes which has led to evolving distillation schemes different from the conventional ones. These include but not limited to vapour recompression, heat integrated distillation columns, and dividing wall columns [5] [6] [7] . The operation of distillation systems irrespective of whether conventional or heat integrated columns can be better improved with appropriate control schemes. Distillation has in fact been identified as the unit operation that could be significantly improved with good control with an estimate of about 15% reduction of energy if proper column control were in use [8] . One of the three issues identified by Skogestad and Morari [9] in the control of distillation columns is the control structure selection.
Relative gain array (RGA) is commonly used for the selection of the best control structure [10] [11] [12] [13] .
The steady state RGA however contains no information on the dynamic and disturbance on which distillation is hinged. This has led to the modifications of the RGA technique by different researchers to evolve techniques such as dynamic relative gain array (DRGA), effective relative gain array (ERGA), and relative normalized gain array (RNGA) [12] [13] [14] .
However, despite all the modifications, control loop interaction analysis is no longer sufficient for the selection of the best control structure in the context of sustainable chemical industry. This is because of the cost and environmental implications of energy and the need to incorporate minimum energy usage in the selection of the control structure [15] . In this wise a number of tools based on application of thermodynamics in the process control regime have been developed. These include relative exergy array (REA), exergy ecoefficiency factor (EEF), and relative exergy destroyed array (REDA) [16] [17] [18] [19] .
These methods are all based on steady state and have not been validated in the dynamic state. This paper aims at using thermodynamics analysis in addressing the important issue of control structures selection for distillation columns. This is with a view of identifying the best energy efficient control strategies from a number of alternatives. This will then lead to an optimum control structure that will serve the dual purpose of achieving good product quality and minimum energy usage. The paper also presents a full detailed thermodynamic analysis of the control structures in the steady state with the aim of gaining insights into the exergy efficiency and exergy loss of each control structure. The viability of the selected control scheme in the steady state is further validated by the dynamic simulation in responses to various process disturbances and operating condition changes. This is to show the performance of the control structure in terms of composition control and energy efficiency.
The paper is organised as follows. Section 2 gives a brief overview of binary distillation systems and modelling. Section 3 presents distillation columns control structure selection based on relative exergy gain analysis. Simulations of two binary distillation columns, methanol-water separation and benzenetoluene separation, are used to demonstrate the proposed method. Results and discussions are given in Section 4. Finally, Section 5 draws some concluding remarks.
Binary distillation systems and modeling

Binary distillation columns
A simple binary distillation system is shown in Fig. 1 . Methanol-water separation and benzenetoluene separation were considered in this study. The methanol-water system contains 50% methanol to be continuously rectified at 1 atm and at a rate of 4320kgh -1 to provide a distillate containing 99% methanol and a residue containing 1% methanol (by weight). The number of stages in the column is 16 , and the feed is on the 4 th tray with bottom up numbering. Figure 1 For the benzene-toluene mixture, a continuous fractionating column is used to separate 30,000 kgh -1 of a mixture with 44% benzene and 56% toluene at 95°C into an overhead product containing 95%
benzene and a bottom product containing 5% benzene at a pressure of 1 atmosphere and actual reflux ratio of 3.5. The relative volatility of the mixture is given as 2.5. The number of stages is 11 with the feed on the 5 th stage numbering from bottom up.
Modeling of distillation columns
The mathematical model of a distillation column is an aggregation of individual theoretical stages. The dynamic state equations for a general stage are given below.
Component continuity equation:
where M j is the liquid hold up in the jth stage, x j,i is the composition of ith component in the liquid at the jth stage, y j,i is the composition of ith component in the vapour at the jth stage, L j is the liquid flow rate leaving from the jth stage, V j is the vapour flow rate leaving from the jth stage, F j l is the liquid feed rate, F j v is the vapour feed rate, and t is time.
Total continuity equation:
Energy equation:
where h j is the liquid enthalpy from the jth stage and H j is the vapour enthalpy from the jth stage.
Equilibrium equations:
where K ji is the equilibrium constant for the ith component on the jth stage, is the liquid flow rate of the ith component from the jth stage, and is the vapour flow rate of the ith component from the jth stage.
Liquid summation equation: (7) where C is the total number of components and C=2 for the case of binary distillation.
Vapour summation equation: (8) Usually dynamic simulations of distillation systems are made with some assumptions to simplify the model [11] .
If the specific liquid enthalpy is assumed to be a function of the specific heat capacity C p , then (9) The specific vapour is assumed to be (10) where is the heat of vaporisation.
The liquid stream was modelled using linearised tray hydraulics incorporating activity coefficient equations.
Distillation control structure selection
Generally, variables that are needed to be controlled for a binary distillation column are composition 
RGA analysis
A multi-input multi-output (MIMO) system usually has interactions among the control loops. 
A relative gain of 1 on the diagonal of RGA indicates that there are no control loop interactions. The strategy then is to match the controlled and manipulated variables when is nearest to 1 and to avoid the pairings with close to zero or negative relative gains.
Thermodynamic analysis
Exergy is from a combination of the 1 st and 2 nd laws of thermodynamics. It is a key aspect of providing better understanding of the process and quantifying sources of inefficiency and distinguishing quality of energy used [21] [22] [23] . It is a tool for determining how energy efficient a process is [24, 25] . Exergy represents the part of energy, which can be converted into maximum useful work. It is used to establish criteria for the performance of engineering devices [26] . Unlike energy, exergy is not conserved and gets depleted due to irreversibilities in the processes [27] . The greater the extent of irreversibilities is, the greater the entropy production is.
The basis of the exergy concept was laid almost a century ago but was introduced as a tool for process analysis in the 1950s by Keenan and Rant [28] . Szargut et al. introduced the concept of chemical exergy and its associated reference states [29] . It is common to use ambient pressure and temperature as 0 P = 101.325kPa and 0 T = 298.15K.
The total exergy of a stream is calculated as
For an ideal solution, the activity . In the above equations, is the chemical exergy for component i, is the activity coefficient of component i, is the total enthalpy, is the total entropy, is the reference temperature, and are enthalpy and entropy respectively measured at reference conditions.
For a heat source such as the reboiler, if z Q is a heat source at an absolute temperature, z T , and if 0 T is the ambient temperature, then the work equivalent of heat is given by
This is the absolute theoretical maximum work recoverable. Eq. (17) is used in calculating the exergy of the reboiler.
Exergy efficiency of a system is calculated as (18) While the exergy loss of a system is given as .
For a binary distillation system the total exergy in and total exergy out are given as
In 
Relative exergy array
Relative exergy gain is defined as "the ratio of the gain change in the steady state exergy of the controlled stream with respect to that of the manipulated stream when all loops are open to the gain change in the steady state exergy of the controlled stream with respect to that of the manipulated stream when all other loops are closed and in perfect control" [19] . This is given in Eq. (21) . (21) Putting all the relative exergy gains in an array gives the relative exergy array: (22) REA is based on the RGA concept by replacing relative gain with relative exergy gain. The exergy gain ratio is usually calculated after a step input change in the manipulated variable. It gives the amount of exergy change in the controlled variable resulting from the exergy change in the manipulated variable and hence provides information on the thermodynamic efficiency of the pairing.
This permits a good insight to the energy efficiency of a process right from the design stage and allows for the choice of optimum combination of loops.
REA indicates the exergy efficiency effects of pairing each of the manipulated variables to each of the controlled variables. It is defined analogous to the relative gain array. If the value of a relative exergy gain on the diagonal of REA is equal to 1, then it indicates the thermodynamic efficiency of the control loop under consideration is not affected by the other control loops [16, 18, 19] . This control loop pairing will be good in terms of thermodynamic efficiency. The value of a relative exergy gain greater than 1 implies that the exergy change from the open loop is much more pronounced. In this case, interaction from the variables in the process will decrease the process exergy change. The value of a relative exergy gain less than 1 indicates the exergy change due to open loop is less and hence an increase in exergy changes when the loops are closed. If the sign is negative, closing the control loop will improve the thermodynamic efficiency of the process but if on the other hand the sign is positive, this shows that the thermodynamic efficiency of the process will be decreased by the control loop. In control structure selection, a control loop paring with relative exergy gain close to one is preferred.
Results and discussions
The methanol-water system was simulated from the fundamental first principle model in MATLAB while the benzene-toluene system was simulated using HYSYS. Three control configurations, LV, DV and LB, are considered for each system. Transfer function models are identified from the open loop step response data and are given in Tab. 1. Table 1 The RGA and REA results from the steady state analysis are shown in Tabs. 2 and 3 for methanolwater and benzene-toluene systems respectively. Tabs. 4 and 5 show the open loop simulation results under the three control configurations for the methanol-water system and benzene-toluene system respectively. For the methanol-water system, the RGA values obtained for all the considered control configurations are quite good. In terms of good control, any of the structures will be usable judging from RGA. If RGA value is greater than 0.5 but less than 1, this will be the preferred loop as it will minimise interaction [30] . Hence LB and DV will be good choices. For RGA greater than 1 as found in LV, higher controller gain will be required. This was confirmed in the closed loop dynamic simulation. The controller gain for LV is much higher than for the other structures. This however is not striking LV structure out as regards to good control. In terms of REA however, when the relative exergy gain is equal to 1, it is the preferred choice as the exergy efficiency is not affected by the control loop interactions [19] . For the three control structures considered, the relative exergy gain for the LB control structure is much closer to 1 than the other two control structures. The LB control structure will be the preferred choice with respect to thermodynamic efficiency. The steady state analysis of the control structures shows LB as the preferred control structure in terms of controllability and thermodynamic efficiency. Table 2 In Tab. 3, the control structures for the benzene-toluene system show marked variations in terms of RGA and REA. The diagonal RGA values for LV control structure are less than zero and those for the LB control structure are much higher than 1. Negative diagonal elements in RGA indicate that closing the loop will change the sign of the effective gain. These structures may not be considered. RGA value for the DV control structure is greater than 0.5 but less than 1. The DV control structure therefore will be the preferred control structure. Considering the REA values, the LB and DV control structures could be chosen. However, though the LB control structure looks good for energy efficiency, its RGA value knocks it off if both controllability and energy efficiency are considered.
The tool could aid in decision making and gives opportunity for consideration of design options. The steady state analysis of the benzene-toluene system shows DV as the control structure of choice. Table 3   Table 4 The open loop simulation results for the two systems show some inconsistencies. For example, the exergy efficiency of LB structure for methanol-water system is not always the highest as predicted from the REA and RGA analysis. The same goes for DV structures in the benzene-toluene system.
The overall decisions regarding a controller design should not be based on the steady state analysis alone [10] . There is a strong need for a detailed dynamic simulation analysis. Table 5 In order to validate the steady state analysis results in the dynamic state, the closed loop response of each of the control structures to disturbances in the feed flow rate and changes in the setpoints of the distillate and bottom compositions were studied. PI controller was used on each of the control configuration. The controllers were tuned using Ziegler-Nichols tuning combined with the BLT tuning method [31] . The controllers were first tuned using the Ziegler-Nichols tuning as if they are for single input and single output systems without control loop interactions and then detuned using the BLT tuning method to account for control loop interactions. Fig. 3 shows the responses of the various control configurations to changes in distillate and bottom product setpoints for methanol-water system. The corresponding exergy analysis and reboiler energy usage are shown in Tabs. 6 and 7. Figure 3 Close loop dynamic simulations were used to confirm the preferred choice from RGA and REA analysis. For the methanol-water system closed loop simulation results in Tab. 6, the exergy efficiency for the LB control structure is higher than those for the other two control structures except for increase in feed rate. And as expected, the exergy loss is lower under the LB control structure than under the other two control structures. This shows that the LB control structure is thermodynamically more efficient than the LV and DV control for the methanol-water system. The responses of all the control structures to setpoint changes further confirm the controllability of the structures and show that any of the structures could be used to bring about desired separation specification. To achieve it with the minimum usage of energy however, the LB control configuration will be the optimum choice. Table 6 A dual composition control is used here because it yields less variation in downstream units and a more uniform quality of the final products. The large disparity in the exergy efficiency of the control structures in the open loop steady state to that in the closed loop as revealed in Tabs. 4 and 6 for methanol-water system is a result of the different composition specifications for the two cases due to setpoint changes in the closed loop response. This shows that high purity distillation is at a cost of energy. A cut in purity specification for example from 0.99 and 0.01 to 0.94 and 0.17 for top and bottom compositions respectively could result in as much as 30% more of exergy efficiency and a reduction in exergy loss. Table 7 Also, the results in Tab. 6 for differing setpoint changes show the LB control configuration as more energy efficient for distillate setpoint changes and bottom product setpoint change. In addition, the LB control configuration favours an increase in feed disturbance in terms of exergy efficiency as compared to other control configurations. These observations reveal the need to incorporate thermodynamic analysis to aid the decision of energy efficient control configuration selection for distillation column operations. This will be a valuable tool in choosing control configuration for design and operation of distillation systems. Overall, the LB control configuration has a lower exergy loss and improved exergy efficiency than other control configurations. This information is quite revealing and shows the potential for bringing about energy efficient control operation of distillation processes. The reboiler exergy for each of the configuration at different variations considered also reveals the LB configuration as the structure with the least consumption of exergy. Figure 4 For the benzene-toluene system, response to setpoint change in distillate and bottom compositions are shown in Fig. 4 . The exergy efficiencies of the responses setpoint changes and changes in feed rate are shown in Tab. 7. For all the 4 cases of deviations from the nominal steady state considered, exergy efficiencies for the DV control structure are greater than those for the LV control structure and greater than those for two cases in the LB control structure. This trend follows that predicted from steady state REA analysis. Reboiler exergy differs from the reboiler energy because exergy analysis is a tool for assessing quality of energy and quantifying sources of inefficiency and recoverable energy in a system. Exergy analysis also takes into account entropy generation in a system and hence indicates "useful energy" of a system. The change in reboiler exergy per time at the closed loop simulation is shown in Figs. 5 to 8 for each of the control structures. It can be seen that the DV control structure overall has less reboiler exergy than the other control structures. A full detailed analysis of the performance of the control structure should be supplemented with a detailed dynamic analysis as presented. This will give a measure of confidence on a preferred control structure and as well quantifies its exergy consumption. 
Conclusions
In this paper both RGA and REA are used in the selection of appropriate distillation control structures. The preferred distillation control structure should have good operability based on RGA analysis and high exergy efficiency based on REA analysis. The effectiveness of the method was demonstrated by dynamic simulation. It should be stressed here that the decisions regarding the controller should be based on the dynamic simulations in addition to the steady state REA and RGA analysis. The simulation results were found to confirm the control structure selection results. RGA as a tool for selecting control structure should be supplemented with REA to determine an energy efficient control structure. The tools when combined can help in choosing from various design alternatives. It will therefore aid in choosing an optimum structure right from the design stage. It could equally be effective tool in selecting optimum operations of distillation system. The tool as presented here is limited to the distillation unit. An overall energy analysis of the whole plant might be made to determine the effectiveness of the method on the plant as a whole. 
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